12 United States Patent
Xie

US010132847B2

US 10,132,847 B2
Nov. 20, 2018

(10) Patent No.:
45) Date of Patent:

(54)

(71)

(72)

(73)

(%)

(21)
(22)

(65)

(60)

(1)

(52)

(58)

TOMOGRAPHY OF MULTIPHASE
MIXTURES

Applicant: SCHLUMBERGER TECHNOLOGY
CORPORATION, Sugar Land, TX

(US)

Inventor: Cheng-Gang Xie, Sawston (GB)

Assignee: SCHLUMBERGER TECHNOLOGY
CORPORATION, Sugar Land, TX
(US)

Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 1534(b) by 634 days.

Appl. No.: 13/691,435

Filed: Nov. 30, 2012

Prior Publication Data

US 2013/0144548 Al Jun. 6, 2013

Related U.S. Application Data

Provisional application No. 61/567,266, filed on Dec.
6, 2011.

Int. CL
GOIR 27/00 (2006.01)
Gool’ 15/00 (2006.01)
(Continued)
U.S. CL
CPC .............. GOIR 27/00 (2013.01); GOIF 1/56
(2013.01); GOIF 1/60 (2013.01); GOIF 1/74
(2013.01);
(Continued)
Field of Classification Search
CPC e GO1F 1/74
(Continued)

(56) References Cited

U.S. PATENT DOCUMENTS

5,485,743 A
0,655,221 Bl

1/1996 Taherian et al.
12/2003 Aspelund et al.

(Continued)

FOREIGN PATENT DOCUMENTS

4/2008
3/2009

WO 2008046805
WO 2009030870 Al

OTHER PUBLICATTONS

Cornelliussen et al., “Handbook of Multiphase Flow Metering,”
Norweglan Society for O1l and Gas Measurement, Mar. 2005: pp.
1-113.

(Continued)

Primary Examiner — Manuel L Barbee
Assistant Examiner — Raymond Nimox

(57) ABSTRACT

A tomography system for determining properties of flowing
multiphase fluid, comprising a duct having a duct wall and
interior space within the duct wall for carrying a flow of the
multiphase fluid and a plurality of sensors, which are elec-
trodes or coils, at positions distributed around the duct wall
on a planar cross section through the duct, wherein the
sensors (electrodes or coils) are used for making a plurality
of measurements of electrical or magnetic properties
through the duct wall and the multiphase fluid; and a
processor 1s used to receive measurement data from the
sensors and to compute from the measured properties to
derive quantitative values of at least one property selected
from permittivity, conductivity, magnetic permeability and
complex-conductivity of the multiphase fluid independent of
eflects external to the fluid flow, such as eflects of the duct
walls and the geometry of the positioning of the sensors
(electrodes or coils).

20 Claims, 13 Drawing Sheets

)




US 10,132,847 B2
Page 2

(51) Int. CL

GOIF 1/56 (2006.01)
GOIF 1/60 (2006.01)
GOIF 1/74 (2006.01)
GOIN 27/02 (2006.01)
GOIN 33/28 (2006.01)
(52) U.S. CL
CPC ... GOIN 27/023 (2013.01); GOIN 33/2823

(2013.01); GOGF 15/00 (2013.01)

(58) Field of Classification Search
USPC e 702/65
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

6,831,470 B2 12/2004 Xie et al.

7,908,930 B2 3/2011 Xie et al.

8,027,794 B2 9/2011 Xie

8,530,883 B2 9/2013 Xie et al.
2001/0050881 Al 12/2001 DePaoli et al.
2003/0011386 Al* 1/2003 Xieetal ...................... 324/694
2007/0124091 AL*  5/2007 Wee ..oooovvviviiiiiiininiiniinnnn, 702/49
2007/0279073 AL* 12/2007 Wee .ovvvvevvviiiiiiiiiennnnn, 324/639
2008/0319685 Al™* 12/2008 Xieetal. ..............oooii, 702/45
2009/0088985 Al* 4/2009 Wee ...ooooooivviiiiiiiiiininnnnn, 702/30
2009/0126502 Al* 5/2009 Weeetal. .................. 73/861.04
2009/0204346 AL*  8/2009 XI€ .ivvvvvviiriiiiiiiiiniiniinnnn, 702/45
2010/0213953 Al 8/2010 Yang et al.
2011/0267074 A1  11/2011 Xie et al.
2011/0290035 Al1* 12/2011 Weeet al. .................. 73/861.04

OTHER PUBLICATIONS

Cur et al., “Image reconstruction for field-focusing capacitance

imaging,” Meas. Sci. Technol., 2011, vol. 22: pp. 1-9.

Kjaersgaard-Rasmussen et al., “Inside-out electrical capacitance
tomography,” Flow Measurement and Instrumentation, 2011, vol.

22: pp. 104-109.

Lecungculsatien et al., “Continuous Phase Velocity Profile Mea-
surement 1n Multiphase Flow Using a Non-invasive Multi-
Electrode Electromagnetic Flow Meter,” AIP Conf. Proc., The 7th
International Symposium on Measurement TEchniques for Multiphase
Flows, Sep. 2011, vol. 1428: pp. 1-8.

L1 et al., “Image reconstruction by nonlinear Landweber iteration
for complicated distributions,” Meas. Sci. Technol., 2008, vol. 19:
pp. 1-8.

Quui et al., “Engineering and application of a dual-modality process
tomography system,” Flow Measurement and Instrumentation, 2007,
vol. 18: pp. 247-254.

Xie, “Measurement of Multiphase Flow Water Fraction and Water-
cut,” Multiphase Flow: The Ultimate Measurement Challenge,
Proceedings of the 5th International Symposium on Measurement
Techniques for Multiphase Flows, Dec. 2006, vol. 914: pp. 232-239.
Xie et al., “Electrical capacitance tomography for flow mmaging:
system model for development of image reconstruction algorithms
and design of primary sensors,” IEE Proceedings-G, Feb. 1992, vol.
139(1): pp. 89-98.

Xie et al., “Multiphase Flow Measurement in O1l and Gas Produc-
tion,” 5th World Congress on Industrial Process Tomography, 2007:
pp. 1-12.

Yang, “Calibration of capacitance tomography systems: a new
method for setting system measurement range,” Meas. Sci. TEchnol.,
1996, vol. 7: pp. 863-867.

Yang et al., “Development of capacitance tomographic imaging
systems for o1l pipeline measurements,” Rev. Sci. Instrum. Aug.
1995, vol. 66(8): pp. 4326-4332.

Yang, “An Improved Normalisation Approach for Electrical Capaci-

tance Tomography,” 1st World Congress on Industrial Process
Tomography, Apr. 1999: pp. 215-218.

International Search Report of PCT Application No. PCT/IB2012/
057024 dated May 15, 2013: pp. 1-4.

Anonymous, “The Roxar Multiphase meter 2600 Based on Zector
technology,” Emerson Process Management Brochure, Feb. 2009,
Brochure retrieved Jun. 5, 2014: pp. 1-7.

* cited by examiner



U.S. Patent Nov. 20, 2018 Sheet 1 of 13 US 10,132,847 B2

i
+
+
+
+
. 1
+
) h‘-‘.-“.-l--' 1 (}
+
+
+
+
+

3 o g g e g g g g g g g g g g
r““““““““““““““““““.—‘

“““““““

Fig 1



(Me Joud) g Bid

US 10,132,847 B2

3UOiises) eseyd/usuctiuoy

L}

: :
¥

+ "a
+ "a
+ i
L} g
L y
* Y

(SHSR0W UNRRIgHRY Eadiug
UOQ PESEG UOIBISICISIL

- - - - -. --l\.‘-. --\‘-

“..___......._ Attty vy i

DR— (7 01 T+ = [ T-N 03 T= 4]
* = {1 apd 8paaes Iog UY'S MIRW ANAIELSS

. .
P A AN

Sheet 2 of 13

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&

L2170 T .
{1}y adeuy B8 N St SRRl BN

ISASADLE
A RMEND

[fal="y sjuswainsesw
BOUBHORABD PBSHBLUIION

Nov. 20, 2018

{BA{IRIBY 4O

487 unnasioid yorg-aeati
GIRISLIDEIR LOIDNIISLIOOS:
BECU [BAR-ARIE SANRDIIDND

U.S. Patent



(Le Joud) ¢ Bid

US 10,132,847 B2

suoioey sseyd/usuocduwioy

w | -
-..__.._...__.._...__..__.._..._...__..__.._...__.._...__..__.._..._...__.._...”..__.._...__..__..__.._...__.._...__..__..__.._...__..__.._...__.._...__.._...__.._..._...__..__.._...__.._...__..__.._...__.._...__..__..__.._...__..__.._...__.._..._...__.._..._...__.._......m......f.f....f.f.f.f.f....f.f....f....f.f.f.”..w.. iiiiiiiiiiii M.E\. ﬂ.w M+4\M - IM %Mi% ﬂw \MH WW
{Shapow uoneiglRY EHadws f i ped aposisaie 10 L3V0 xayews Ayaiysuas

o« v % - W. + ¥ »
U0 DBSBY UDIIEBICIa

Sheet 3 of 13

(11D afpu
RAB-ARIE

Nov. 20, 2018

DAIIBIHETIT : Han S My a3 5 0 SR TRE § §
RARBHRNY {BAIIRISY 1O dOT) Fale™y siuswieinsesiy
WIURIOBIR UOIIINIISUODRI BDUBPORALD DASHRULIDN

BERLY [BARIARIE aaRIRND

U.S. Patent



U.S. Patent Nov. 20, 2018 Sheet 4 of 13 US 10,132,847 B2

e
¥
}

-

£
WHR
2§

s

st
¥
¥.i }

&
KT

.ﬂ.h 5 'y ", '#'h -..l""'-'.,p :
U A N x { | 3 P EENRE
%'- . E‘?‘ ., ,_i, ok g};-&r M
" o ,i f."f." .,:\{ T .
L g ._.;.ﬁ o, TR Ve :
k.-: ::ﬂl\ h::? N JEE R it » ';i .‘ij :
E 2 B - e b w4} e
: R s " R BTSSRI S N e
: ot SR P A Y sl Lo i % i e
H e . 4 oy SR b Ry b -
: m t::. ur'e's I: w'n g I'. - .lq'] f‘:..g. :l . 3:.' ‘:r} .:Erl- .
» T 2o ENChCMES *'"{""""t :: .F.':’E ) t.lﬁ ""'# :: i X, . o aag
: AL W A o s, st o E o g
! T ey n 4 : R e ol N i
¥ ot - g T PRt H . P s £y 2y St ot
H P ' -y e E: .;.'.‘_Lf:"f __.'?3"_.'3. 'g”* v :E 'Am 1?‘:— ;i E
4 . oy :'}Pf a, 53] -{.; 3 . > !-".j - .
. : e d o B OEW 2 i S S -
o : FORE BE-- N B 5 S DR . : s
Arg! : o *, :;‘."'-:::. :: nﬁ Ir_:;. LA ::-1 : 5...‘ T T i,-‘: :
e : SH," , _ ._:::5 :: =t ;.._ i:‘:hg. T _: e :l;-".!.' _-.,-! ::
::f:' E . "f*:"" Neiw ..:-:-. : L«ﬁ ad o *-:'“:"q.r : tj‘:. at ” :
ik : 2 L3 ¥ .—{."'.--{ {363 ri*?rj w32 ',,.,.3' R RO | RO
! : o o, o - o 3 i:_. et S wfq
v ; I S R R B et T | 3 AT
}'-‘ : ’ I"""l'-nl“ . ".;.;' :: {ﬁ M ; E :: '-I-"‘:H'-r'- ké ¥ '-'-'-'-'-'-'-'-'-'-':‘
o i inpeis” T ke o e : o PRl S
s X D WY g 2 : P SR TY
&, = R R s ¢ S S ol
; : LR 0 X {'{; . 1"‘:‘{ {1 - * A : -
Ty M Semiwing, v, s’ . %‘ L LA . . AT 4~
>% : o N sl T o o D el B
2 : R S-S B TR & S S ¥ R R
= - s W o L omiow R AN
% ¥ ) "Ejl RN 3 o -:}) Loy £y
Ao § V. o T SR * :
P ™R TR, ke * I B
ﬂ (‘;'.i: n {{E:. E: é:’r -..':; ..................... = ‘}:% ;;
:.;-\ ":-:E; - Fra :: , . -‘:5 -g.. R
Ak L M :: w'r'n L "t y . +-:. .
¢ 5! IR YR EN%! e AN o
m ] :- it :: 1-‘-#‘-; L) ﬂ-. .I::::::: ::' ?l -.lg
) N RO oy A3 T o
! Fe'r - St v y gt
S IR T R | v
¥, Bl a o wielule’
s R EWD e fF 3
. 5 TP PTTTPPPP, A 1-.-} .uﬁa

.._-. ".‘m" .
: g AN
P S

W ‘e e e e e e e W R e e e e e e e e e e T

ity

334

¥ oamaE
2 EETI

FRES S

¥

¥ ﬂgﬁ-
¥
;

L P i ,
o ;H .
Rte LS~ <N LA AN .
:.N? - ’%:;Jr 3
. r'rli 1*.3,! . 2 ::
— Yoy el :
LB S Y A ST T
L . o L E #}H . H #:.Ilih ) :'l
;o o o » : S
I# ' \ HE:- ", I tanieg N8 :
H LS 3 M 3 1 -]
? Ay L g u S S
¥ W e ge e . E i

: * & {. Ny ::
et H He o N * !"'t.‘; a,
L H H e et ]
i H ) ' 2, : .
s ¢ ; 97 t—rm; 3
‘-e--a":__::::‘ E E EE \e;-:-l ?w ':-:
0 }h;i ; : - H ] E':
it e ; ol e, H ;
& i : ; e :
R 3 N e, x
& 5o : R PN
Al o A i . .
S L H ol ot x
% : e e
. 3 J- Fa'm .y
{% ' g:: . Tatafa ]
m'. : el e E:" '._ ::
: }lJ Y ::

L)

L)

)

L)

L)

)

L]

¥
‘,'..
1
:
+
L]

L]

L

L]

L]

L
H
L

L]

L]

L

L]

L]

L

L]

L]

L

Cort O
mipgsuramants L




e

a'e"ns'a
.
iy
<
43
g X0
tummtt
. N
o
h,__'_; -.-""h'
$
tmq
~Y
b
%

..__.__.__...__._..__.__.__...__...__.._.__...__._..__.__.__...__...__.._.__...__...__.._.__...__._..__...__...__...__...__...__...__...__...__._..__...__...__...__...__...__._..__...__...__...__...__...__..ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ.ﬂﬂﬂ.ﬂ.__.._.__...__...__.._.__...__...__.._.__...__...__.__.__...__...__.._.__...__..I....l..l.......l.......l........l........l........l.......l.... ¥

5
{-
a
.-i
¥,
4:*'
g
i
Jl“.:
wb

. H. " »r -
T oo :.m.w..,::nn_ ol

&
2"
i
h
5
"
2
i
i
E‘?
"
L
e

S

US 10,132,847 B2

.‘.

¢

ke s m,,ﬂwu..w {34

inky a0 {shepows Supis s pinbisen

IR

P Y
-
o
3
L
o
o
Jumls,
o e e

AR 0} {SHBROU BUpie DLINeIIp SN0

Sheet 5 of 13

& ._-.I.-_..........l-.l.“ - & e e ke L . " in. . Y
2 A w..u “”“ -MHMM a..”-_, "l Jw“.ﬂﬂ Iﬂvﬂmh.“nﬁ -a \Mﬂ!%w Wnﬁ”M ”" o = . "u._.wﬂs.....-.-m-..-.n . ) -..1 WWW.F u-_.-.i. NN NN I
LAV 2 o WY S 1Y
) oy . m A i m..
2 ; W B
X N .-.. & . . o
.s.w.u_.n““"_.__..-. .o - LA -u_. e . w_M___._n\uu._.._._ I R T, h mH Jﬁmmw B_NM m * HW m‘. M fmw m
v A M...Mwm...mwnwwm&h it Mm ﬁ m.-.“w .Mw.vw . ,u_..w”...w..m mwu.w SRR EREC 2 18 1 SR oo

x
"i”’
‘?Ef
&
Ly
't@
£
g
E 2
5
=

o -y SV H

} ORI

r:-?"-"'-i"-
e
113 B,
Al
Wl
Iri"
'l-h L
E
1..-.-.!
:-'-'
fﬁ-.
-viw-
e
H
& iﬁ_ﬁ
'-'-.‘_t.'ﬂ
"l
$
.
b
e
33

. ,wmmmmw {1438 o i3 oo
U ST suoryeiesdiao draog

Nov. 20, 2018

U.S. Patent



US 10,132,847 B2

Sheet 6 of 13

Nov. 20, 2018

U.S. Patent

e
]
il
oo
Zas
Tty
™
N
e e
i
%
-

ST

PR P P ids k Seyedn L
Wuw"“w.mww..w s - 5 : g - @ m&
"“ u H“ e : H“ ey 4 .-V___n .iu___.n.._.__. 3 <
- [} e W ﬁ & - n ffl.m L)
<l ¢ "4 n...,{\m...unu.m.._.ur... TR M W ... .wu.. e ~ - ...-.h._. ...nﬁ....
i {2y St 0 1 B
R . - r

Jﬂﬂﬂﬁﬁﬂﬁﬁﬂﬁﬂﬂﬁﬁﬂﬁﬁﬂﬁﬂﬂﬁﬁﬂﬁﬂﬂﬁﬁﬂﬁﬁﬂﬁﬂﬂﬁﬁﬂﬁﬁﬂﬁﬁﬂﬁﬁﬂﬁﬂﬂﬁﬁﬂﬁﬁﬂﬁﬁﬂﬁﬁﬂﬁﬁﬂﬁﬁﬂﬁﬁﬂﬁﬂﬂﬁﬁﬂ

SHEROUL Bupiiul AUMTINpECD pinby-sen

3
ﬂ.;:j
S
d
Ty
b, gy
e
i
e N
o
et
Ay
Ak
we's

-i'

m,

= Ty m

A W TR

1'- ‘-

SEIAA 03 3ol Bunnul AUANDNDUGT ISTEM-BD

5§ e pand Te- 0N ¥

I

. 1I._..I ...li.l 1I....l 1I._..I ...li.l 1I....l 1I....I ...l._..l 1I....l 1I....I ...li.l 1li.l 1I....I ...li.l 1I....l 1I._..I ...li.l 1I....l 1I....I ...l._..l 1I....l 1I....I ...li.l 1I....l 1I....I ...li.l 1I....l 1I._..I ...li.l 1I....l 1I....I ...li.l 1I....l 1I....I ...li.l 1I....l 1I....I ...li.l 1I....l 1I....I ...li.l 1I....l 1I....I [ ) . a " - . “ : "
.,..M ﬁH

atw e

-I'I‘I‘I

~33HT 3T BnS-oinly a0 DUe Uk Tm.mmw LA~ T OB ihd DY Yo f TR O} Tw b - § upg
mw.::ﬁ&m,@ Wwﬂ.w xﬁmrxﬁmﬁmm

L
. 1hﬁ11i

fll

w.,.w PR 3% pounsRey
L mmmmm Y Miﬁiﬂm {334

{15039

~
J‘..-
o
£

L N A 3 A
- 1]
‘ 1
b .
e

8 __.ﬁmw“m SIDILSITTEESL
GEYINDUOS RRRHEGLEYN



US 10,132,847 B2

Sheet 7 of 13

Nov. 20, 2018

U.S. Patent

JJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJ

oy
b
114
sy
S
i-_-:v.
e
{
2
3

- - -'F ' .~

- N i *x ' w " " w

XTI o Fopd 2 : AR o 3
.vl. - .ﬁ...n . .__-. % [} H B . & = a
" b " - . ik » ._.__-“ et ".._ § 'y .".
! ! .__I. T t .-_- -..—. ’ . __..I.I__..-.._i. - .In
l.. L] [ ] L T & ' s - -

% ey i RIS g ; .........““.WW D

> “ PRI O X o g e . H £y A “ s 2

LS T B . iy RS OB o »

Tt T4 B2 PRI R L :

“ o, i . S .___..__._ 4 .__-.”.. X

z : : _ 3

o L y

L A
LN
eyt
Ay
147
e
M“"n"
-E
.,...-""
A

DOk BRI S3Aonmioe pnhibeen

."...I..”.“..I.I..I.H.“...Iw..l.l.i.r..l.I..I.l..I.I..I.l..l.l..l.I..I.l..l.l..l.l..l“.l..I.I..l.l..I.l..l.l..l.l..l.l..l.l..l.I..l.l..l.l..l.l..l.l..l.l..l.l..l.l..I.I..l.I..I.l..I.I-.”.
m ”.”...TWTH, I ..th.w ) .m..... o n.-nnu.-... ..u..\.ﬂ“.wm_u.. L m
; T LET :
5 . S ww..u - o MW MW

WM 0y {Shepous Buppus AJAIDNEUDD 3R0RHD

‘Anaaan s e ans e s sna iy syl

.Ww.m.mm ,-!J_ J._..__w.rr{ b % ;rﬁ_.-m..m ....WW. %1

M AN oG ¢ w__.m.wﬂ.“m E%_ 3oy {3 0

l..

- 2 -FEHY P Ems-pinhy e fpue ynepndy o

.ﬁ.

INF Oy Ted = f TR0 T i -1 sed
P ; - FOOYIRS 308 13V wipmne AU
{15y o mmmﬁm,%,mwm w." E iw, wE: g St
. ke " __.w. ;

G

q_8_ 1 5 _§_0_98_9%1 N _ 0§ _*
RN O e L
-!ll',' l‘
B A A A .

nl= wr

PRIFBU {AMTO0UINT]
AAIIINEBUOT
HBGLLIOD SARTIIBI

.

mmw% w {3574 SIUBUIBINREIW

(117,40 sluauamen .
ARATINBROR-RBG I

aw Mmﬁ%ﬁﬁ%w BN U BOISIRALGT

AR DU m&n@. 3 BAFHIIITUE

REFLIR L am.wmwﬁ u..mb.w FLEEFIRIRLN:

n..__._._.r



U.S. Patent

Nov. 20, 2018 Sheet 8 of 13

Vertical DilMater. ECT calibration: LesAdr, HE{WLR=~35%]

US 10,132,847 B2

Rescaled Normalisad capacitances C

] t | ¢ |

s N Hi e Hi

nHi2

% B

% i
g

T-elecimde apart
2-electiade apan
apposite-electroda

-

B

-

LT

from rescaled normalised capacitances ©

“In

Yertios Ol ater BECT calibration: LosAir, HiZ=0VLRE=-25%)

I ¥ E | {

lectrode ap
2electrade apar

oppusite~-electrode :
e =z (T4OWLRI-WWLRY |

[T

&

I
A
LA
]

Fig 9




U.S. Patent

Nov. 20, 2018

Sheet 9 of 13 US 10,132,847 B2

Wericat Od & ater. |

=T calibrabion: LosAdgr, HZ=DYLR=~a0%)

.5

)

=
o

ot

reasured YWLR from ;gm[L-ani._ﬂ

R

.

I:j

A

-r t ” . -
‘-)_."fl f 1= .
L i L | .ff . |
d ;. a L
. ... - ” - i »
.
. “ »I.'.-E‘-ir ;H-r. -1
i Vv
._.-.T;" _.-f' LS i:ﬁ o -F."‘ +'-1:""I
T WLK ("m i il~;l "f']:"m L':Dllj‘l i
®  .glectrode apad
& lelectrode apart
& gpposite-slectrode
******* +- 3% absolute
lE .......................................................
I L

Fig 10



U.S. Patent

Nov. 20, 2018

Swirl oil/water/gas

Sheet 10 of 13

US 10,132,847 B2

W
LR~ 0.1
WLR ~ D

i

W

R~0.02

R~

LR~ 0.3
WALR ~ 0.4

Fig 11




U.S. Patent Nov. 20, 2018 Sheet 11 of 13 US 10,132,847 B2

(C
o

L

°  WLR~D.02 |
o WLR ~ 01 |
s WLR ~ 112 |
© WILR~ 0.3
< WWILR ~0.4 |

LA

L1 %Y =

L

A
-
E
A

)
>

cpposite-electrade

L)

LT

Fig 12




U.S. Patent Nov. 20, 2018 Sheet 12 of 13 US 10,132,847 B2




US 10,132,847 B2

Sheet 13 of 13

Nov. 20, 2018

U.S. Patent

, WLR = 20%

GVF = 40%

LN e )
L
PN
L

RN

L ]

PN
ety
DR )

[y
EaE )
x

YR

L]

S S
¥

A i AR A A i A
L el e N N N N R R e
X

) 1'”l-""'i*

O RN e N )
BEEEEEEE

L ]

AL

B e
»

ok ok X Ak

o

St

& dr

i
i

i b &

»
L et )

L)

CE N )
ey

i
™
NN N )

GVF = 40%, WLR= 30%

-

L]

o

L

e A A e I A
NTh T h Tk T h T kT h TR kT

A ar w oy ey

T

e e A
kb h u

e e e e

[ ]
L

Sy e ap ap oy ey ay

¥

L}
i

Lt

-
»

>

F

'}
i

a ah a

o
-

s -

[ RN

L]
s
P .r.....-..-..-..-_

PR

L)
¥

o oy oy
L,

ol

L.

'
K.

r

S N Sy S ap Sy Sy Sy Sy sy ey oy

oy oy

r L L ]

S B G S Sy Sy Sy Sy Sy e Ay sy am
WTh T h h T kT O [

W A Sy ay S ey Sy Sy ey

o o oy
[

r

Ly )
L )
El
LN

»

-

day e e e e

r b b o= om o
.-..-..r.....r.._.._n
i b b &




US 10,132,847 B2

1

TOMOGRAPHY OF MULTIPHASE
MIXTURES

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application 61/567266 filed Dec. 6, 2011, which 1s
incorporated herein by reference 1n 1ts entirety.

BACKGROUND

Performing tomography on multiphase mixtures 1s a way
to determine properties of the multiphase mixture, where the
properties may be measured 1n a pipeline, conduit, wellbore
or other structure carrying flow of a multiphase mixture.

The challenge with multiphase flow measurement is that
both the phase distribution and the phase velocity profile
vary significantly in time and space, as manifested by
various tlow regimes (patterns) mapped for different pipe
deviations, typically as a function of liquid-liquid or gas-
liquid superficial velocities. Process tomography has been
conceived to have the potential of measuring dynamic
multiphase processes such as multiphase flows of complex
regimes through a pipeline or 1n a process vessel. The basic
concept 1s to mathematically reconstruct, from appropriate
multiple measurements made at a pipe/vessel periphery, the
phase holdup and/or phase velocity profiles, at a suflicient
spatial and temporal resolution.

The term “holdup™ denotes the fraction of a particular
fluid present 1n a cross-section of pipe. Because each fluid
moves at a different speed due to different gravitational
torces and other factors, the holdup of a particular fluid 1s not
the same as the volumetric-flow-rate proportion of the total
volumetric flow rate due to that fluid. Individual volumetric
flow rate can be derived by integrating phase holdup and
phase velocity profiles over the pipe cross-section.

A lot of academic and industrial research efforts have been
devoted to imaging multiphase flow phase holdup, based on
clectrical capacitance tomography (ECT), electrical resis-
tance tomography (ERT), electrical impedance tomography
(EIT), electrical magnetic tomography (EMT), and their
combinations such as ECT and ERT. Research eflort has also
been put into other ways of measuring multiphase flow. For
some of the electrical tomography sensing techniques, pro-
cessing of the experimental data has been problematic. For
instance US patent application 2010/0213953A1 (relating to
a method and apparatus for producing particle density map
images of particles 1n a fluidized bed apparatus by ECT)
describes a capacitance measurement normalization model
which does not permit the auto-removal of eflects of pipe-
wall capacitance(s), and furthermore, the 1mages recon-
structed on the basis of such normalized capacitances only
provide an indirect, qualitative result of tflow mixture dielec-
tric constant or permittivity.

SUMMARY

This summary 1s provided to introduce a selection of
concepts that are further described below. This summary 1s
not intended to be used as an aid 1n limiting the scope of the
subject matter claimed.

Broadly, the present disclosure provides a tomography
system for measurement ol multiphase flow 1n which a
processor such as a computer 1s configured to compute
quantitative values of permittivity, conductivity, magnetic
permeability and/or complex-permittivity/-conductivity of
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the multiphase fluid from the measured properties represen-
tative of capacitance, conductance (which may be measured
as 1ts reciprocal which 1s resistance), inductance and/or
admittance (which may be measured as 1ts reciprocal which
1s 1impedance). Electrical or magnetic tomography as dis-
closed here can provide robust determination of properties
of the flow, such as mixture permittivity or conductivity.

In one aspect, there 1s disclosed an electrical or magnetic
tomography system for determiming properties of flowing
multiphase fluid, comprising:

a duct for carrying a flow of a multiphase fluid;

a plurality of sensors which are electrodes and/or coils at
positions distributed around the duct on a planar cross
section through the duct, for measuring properties of the
multiphase fluid; and

a processor receiving measurement data from the sensors
and configured to determine quantitative values of permut-
tivity, conductivity, magnetic permeability and/or complex-
permittivity/conductivity of the multiphase fluid from the
measured properties representative of capacitance, conduc-
tance, inductance and/or admittance.

The processor may be configured to determine a distri-
bution of one or more of the quantitative values permittivity,
conductivity, magnetic permeability and/or complex-permat-
tivity/conductivity within the cross-section.

It 1s possible that the system will have groups of sensors,
with the sensors 1n one group distributed around one cross
section through the duct and the sensors in other groups
distributed around respective different cross-sections
through the duct. In such a case, the sensors in each group
may be used to make in-plane measurements but 1t 1s also
possible that sensors 1n different groups could be used to
make cross-plane measurements.

The duct may be circular in cross-section, but 1t 1s also
possible that 1t will have some other cross-section such as
square or rectangular.

In a second aspect there 1s provided a computer imple-
mented method of measuring properties of flowing multi-
phase tluid, comprising making a plurality of measurements
representative of capacitance, conductance, inductance, or
admittance at one or more cross sections through the duct
and computing permittivity, conductivity, magnetic perme-
ability and/or complex-permittivity/conductivity of the mul-
tiphase fluid from the measurements made.

In embodiments of this disclosure, the values of permit-
tivity, conductivity, magnetic permeability and/or complex-
permittivity/conductivity may be used to compute phase
holdups (or fractions) such as the gas fraction, the water
fraction and the water-in-liquid ratio (WLR) of a multiphase
flow. This may for example, be an oil-continuous tlow, a
water-continuous flow, or a gas-continuous flow, or a flow
which 1s a combination of oil-continuous, water-continuous
and/or gas-continuous flow. They may also be used to
compute, using a direct and/or 1terative algorithm, a quan-
titative reconstruction of the distribution of permittivity,
conductivity, magnetic permeability and/or complex-permit-
tivity/-conductivity of the multiphase tlow, 1n two-dimen-
sional (2D) and/or three-dimensional (3D) space, and/or 1n
time. Such a computed reconstruction may be displayed or
otherwise output as a graphic 2D and/or 3D 1mage(s).

The electrical or magnetic tomographic methods dis-
closed here may be used together with other measuring
methods, such as a Venturi, a gamma-ray or X-ray densi-
tometer, and 1n combination with a multi-energy gamma-ray

or multi-energy X-ray system.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a cross section of a pipe for a multiphase
Hlow:
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FIGS. 2 and 3 diagrammatically illustrate prior art calcu-
lation procedure for qualitative image reconstruction from

ECT measurements;

FIGS. 4 and 5 diagramatically illustrate calculation pro-
cedure for quantitative image reconstruction from ECT
measurements;

FIG. 6 diagrammatically illustrates calculation procedure
for quantitative 1image reconstruction from ERT measure-
ments;

FIG. 7 diagrammatically 1illustrates calculation procedure
for quantitative 1mage reconstruction from EIT measure-
ments;

FIG. 8 graphs data for capacitance measurements on
vertical oil-water flow;

FIG. 9 graphs permittivity data computed from the
capacitance data of FIG. 8;

FIG. 10 graphs water-liquid ratio (WLR) computed from

the data of FIG. 9;
FIGS. 11 and 12 show graphs similar to those 1n FIGS. 8

and 9 for a conditioned oil-water-gas annular-type flow;
FIG. 13 shows reconstructed spatial distributions of per-
mittivity; and
FIG. 14 shows reconstructed temporal distributions of
permittivity for some of the conditioned o1l-water-gas annu-
lar-type flows.

DETAILED DESCRIPTION

FIG. 1 shows a portion of pipe 10 used to carry a
multiphase flow. It 1s seen as an 1llustration here 1n one cross
section transverse to the pipe axis and 1t 1s surrounded by a
plurality of sensors, which here are electrodes 12, positioned
in the plane of the cross section. These electrodes make
measurements 1n a non-contact manner because they are at
the exterior of a portion of pipe 10. This portion of pipe 10
1s made from an electrically insulating and non-magnetic
material, possibly a ceramic. The electrodes 12 make mea-
surements through the pipe wall and the multiphase tlow
within the pipe. However, it 1s also possible to make
measurements 1n a contact manner, with the electrodes being,
embedded 1n the 1nsulating material so as to lie flush with 1ts
interior surface and 1n contact with the multiphase flow. The
clectrodes 12 are connected to an electronics package 14 for
multiplexing among the electrodes to make measurements
and the electronics package 1s 1n turn connected to a pro-
cessor such as a computer 16 for controlling excitation of the
clectrodes, data collection and processing of the data
obtained.

The electrodes are operated to measure a property which
may be capacitance, resistance (or its reciprocal which 1s
conductance), inductance or impedance (or its reciprocal
admittance) between individual pairs of electrodes. I the
total number of electrodes 1s N, a total of N(N-1)/2 inde-
pendent measurements may be obtained by making mea-
surements between each electrode and every other electrode.

In some embodiments of the present disclosure which wall
now be explained further by way of example, the electrodes
measure capacitance between electrode pairs and so provide
an ECT system for tomographic capacitance measurements
of multiphase flow 1n the pipe. The capacitance of the fluid
in the pipe 1s 1n series with the capacitance of the pipe wall
and, as has been disclosed 1n the literature, the measure-
ments obtained using the electrodes 12 can be processed to
obtain multi-view (normalised) capacitance values which do
not include the pipe wall capacitance.

As a preliminary, two calibration measurements are made.
Low-calibration raw capacitance measurements C, (contain-
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ing N(N-1)/2 independent electrode-pair measurements for
an N-electrode system) are made using a material with
known low-permittivity (g,) (such as empty-pipe air or dry
gas), followed by high-calibration capacitance measure-
ments C, using a material of known high-permittivity (g, )
(such as full-pipe o1l or an oi1l-water uniform mixture with a
known WLR).

A parallel-capacitance normalization model has been used
in prior publications to derive the (measured) normalized
capacitances C, from the raw capacitances C_

Cm - C.‘f
parallef —
Cp—Cy

c. (1)

The eflective capacitance of the electrically insulating
pipe wall (C  .), seen by each pair of the selected elec-
trodes, 1s considered to be 1n series with the (unknown) fluid
capacitance C_. A ceramic material may be used for the
insulating pipe wall to provide a stable value of C ... The
measured raw capacitances of the unknown fluid (C, ), of the
low-permittivity calibration material (C,) and of the high-
permittivity calibration material (C,) are then as follows:

1 1 (2a)
C_m - CW-:IH ¥ Cx("—::m),

N S (2b)
C;  Cyai  Cile))’

11 . 1 (2c)
Ch  Cuay  Cxlen)’

Substituting Equations (2a) to (2¢) into
provides:

Equation (1)

(3)

( 1 1 ]1 ( 1 1 ]1
+ — +
Cwa i Cx (Em ) Cwa i Cx (S.‘,' )

( 1 | ]—1 ( 1 1 ]—1
+ — +
CWGH Cx (Eh ) CW&H Cx (‘9 { )

The (unknown) fluid only capacitance C_can be assumed
to be proportional to the dielectric constant €, of the bulk
fluid as tollows (where k are proportional/geometrical con-
stants for the different electrode pairs), viz.

Cﬂ, parallel —

Cx(Em):kEm (4&)
C,(&1)=ke, (4b)
C (&, )=ke, (4c)

And then Equation (3) can be written as:

( 1 1 ]—1 ( 1 1 )—1
—_— _I_ —
Chall kE Cuwatt k&

(1 +1]—1 (1 +1]—1
Cwati ken Cywatt ke

Prior publications have disclosed a qualitative image
reconstruction method based on the normalized capacitance
C,parater This 1s 1llustrated m FIG. 2, with the linear
back-projection (LBP) algorithmic equations (as shown in
the figure) as an example. Phase fraction determination in
this method 1s largely based on an empirical model which
assumes that C 1s proportional to €_. (This 1s only
true 1if C

(5)

Cﬂ, parallel —

m.parailel
>>ke ).

werll
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A series-capacitance normalization model has previously
been proposed to derive alternative (measured) normalized
capacitances C, from the raw capacitances C_, viz.

1 (6)

From Equations (2a) to (2¢), and Equations (4a) to (4¢),
the (measured) normalized capacitances C, can be related to
the ultimately desired (fluid-only) mixture permittivity €_,
as follows:

(7)

( 1 | ] (1 1 ]
+ — +

CWGH Cx( Em) \ CWG” Cx( 5!)

( 1 1 ] (1 | ]
— + — +

Cuwa  Cilen)) \Chay  Ci(g)
| |

Cx(Sm) CI(E.{)
| |

Celen)  Gileg)

1 1

C, =

Using this approach, the wall-capacitances C_,_,, (and the
sensors’ geometrical factors k) are substantially removed 1n
the normalized (measured) capacitances C , by the use of the
series-capacitance model of Equation (6). However, it can be
seen from Equation (7) that, the resulting normalized capaci-
tances C, are a nonlinear function of the desired mixture
permittivity € _, which 1s to be measured and/or to be
imaged.

A qualitative 1image reconstruction method based on the
series-model normalized capacitance C has been proposed
in prior documents and 1s illustrated in FIG. 3, with the
linear back-projection (LBP) algorithm as an example.
Phase fraction determination in this method is largely based
on C, and an empirical (calibration) model.

In embodiments of the present disclosure, and in contrast
with prior disclosures, measured multi-view (normalized)
capacitances C, (that are free from the eflects of pipe-wall
capacitances and the sensors’ geometrical factors k) are
converted to a fundamental physics parameter—the corre-
sponding multi-view mixture permittivity €, . These multi-
view mixture permittivities € (which depend only on what
1s present in the flow 1n the pipe 10) may then be used as
input to an image reconstruction step, removing the 1ssues of
the nonlinearity 1n the imaging domain and of the empirical
correlations/calibrations in the subsequent step(s) of deter-
mimng phase fractions based on C,. This may then be used
to compute the WLR, water fraction and/or gas-fraction,
with the use of an appropriate dielectric mixing model(s).
Based on the multi-view permittivity € data, a direct and/or
iterative quantitative reconstruction ol the mixture-permiait-
tivity distribution can be made.

Rearranging Equation (7) provides:

7l

1 (8)
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Quantitative 1mage reconstruction (at time instant t),
based on this conversion to permittivity more accurately
processes capacitance measurements 1mto an 1mage directly
representing the permaittivity properties of a multiphase
mixture. An embodiment 1s shown by FIG. 4. A linear
back-projection (LBP) algorithm 1s modified from that
shown 1n FIG. 3 to use the measured ¢_(t) as the input and
provides the reconstructed 1mage of the mixture-permittivity
space-time distribution €, (r;t) as output (r=(x,y,z)). Iterative
image reconstruction algorithms using the measured ¢_ (t) as
the mput may be used 1n addition to or 1n place of the LBP
algorithm; processing in this way overcomes distribution-
dependent ‘softfield’ effects.

The output of the reconstruction of mixture-permittivity
distribution ¢_ (r;t), which may be processed to indicate the
underlying flow-regime information, may be used as input to

the WLR and/or liquid-fraction/holdup interpretation, as
illustrated 1n FIG. 4.

Another embodiment of the present disclosure uses the
parallel-capacitance normalization model above. The sens-
ing eclectrodes 12 are designed with a very thin dielectric
coating on the electrodes such that the pipe-wall capacitance
1s much larger than the expected maximum of the fluid
capacitance, which can be expressed as C _,>>max(C ).
Then C,=C, and Equation (5) reduces to C,, ,,,.z.;=(¢,,-€;)/
(€,-¢;) so that C, ...; 18 proportional to € . This provides
a way to convert to permittivity measurements and, as
shown by FIG. 5, the measured ¢,,, where &,=C,, . .;70/(€5-
g,)+¢€;), can be used as mput to an LBP algorithm and/or
iterative image reconstruction algorithms so as to obtain the
reconstructed image of the mixture-permittivity distribution
¢ (r), and the multiphase-flow WLR and liquid holdup as
outputs.

In some other embodiments of the present disclosure, the
clectrodes 12 shown 1n FIG. 1 measure resistance or con-
ductance between electrode pairs and so provide an ERT
system for tomographic resistance measurements of multi-
phase flow 1n pipe 10. (Resistance 1s of course the reciprocal
ol conductance).

The measured multi-view (normalised) conductances G,
(that are free from the eflects of electrode contact conduc-
tances) are converted to multi-view mixture conductivities
o, . These tlow-dependent-only conductivities o, may then
be converted to the WLR and/or liquid-fraction, with the use
of conductivity mixing model(s). Based on the multi-view
o, data, a direct and/or 1terative quantitative reconstruction
of the mixture-conductivity distribution may be made. The
mathematical treatment 1s analogous to that given above for
capacitance, as will now be shown.

To perform an appropriate calibration of the ERT system,
low-calibration raw conductance measurements G; may be
made by using a material with known low-conductivity (o)
(such as full-pipe fresh water), followed by high-calibration
ones (G, by using a material of a known high-conductivity
(0,) (such as full-pipe salty water).

The effective contact resistance (R, . ) of the electrodes
of an ERT sensor 1s 1n series with the flmd (unknown)
resistance R, (the electrode material may be chosen so that
R__ . 1s small and/or 1s stable).

The measured raw conductances of the unknown fluid
(G, ), of the low-conductivity calibration material (G;) and
of the high-conductivity calibration material (G;,) are then as

follows ({from R_=R +R ):

COREGCTE

1 1 1

Gf‘ﬂ GL‘L‘DHI‘H ct GI (G-}'ﬂ )

(1022)
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-continued

| | |
+ ;
Gt:.-:-n tact Gx (LT.‘,' )

(102b)

| | |
+ )
Gﬂﬂnmtzr Gx ("-Th )

(102¢)

The fluid only (unknown) conductance G, can be assumed
to be proportional to the conductivity o, of the bulk fluid as
tollows (where k are proportional/geometrical constants for
the diflerent electrode pairs), viz.

G, (0, )=ko,, (104a)
G (0;)=k0; (104b)
G, (0;,)=koy, (104c¢)

A normalisation model (analogous to the series-capaci-
tance model at Equation (6) above) can be used to derive the
measured) normalised conductances G, from the raw con-
ductances G, , viz.

1 (106)

1
Gn Gy
1 1

G, Gy

From Equations (102a) to (102¢), and Equations (104a) to
(104c), 1t 1s then possible to relate the (measured) nor-
malised conductances G, to the ultimately desired (fluid-
only) mixture conductivity o, , as follows:

1 1 1 1 (107)
G = (Gcanmcr i Gx(ﬂ'm)] - (Gmnmcr T Gx('ﬂ-!)]
" 1 1 1 1
(Gconracr T Gy (ﬂ-h)] _(Gc.:.-nmcr i Gx(ﬂ-ﬂ)]
1 1
_ Gion)  Giloy)
1 1
G(ow)  Giloy)
1 1
_Tm O
1 1
TR
In this way, the celectrode contact conductances
G.. . =1/R__ _ _ and also the sensors’ geometrical factors

k are substantially removed. However, it can be seen from
Equation (107) that the resulting normalized conductances
(G, are a nonlinear function of the desired mixture conduc-
tivity o, to be measured and/or to be 1maged.

In embodiments of the present disclosure, the normalised
conductances G, are converted to the mixture conductivity
o, which 1s a fundamental physics parameter and this
mixture-conductivity (o, ) 1s 1tself used as the mput to the
image reconstruction step, removing the 1ssues of the non-
linearity 1n the imaging domain and of the empirical corre-
lations/calibrations in the subsequent step(s) of determining
phase fractions based on G,
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3
Rearranging Equation (107) gives

1 (108)

A new, quanftitative image reconstruction method based
on the outcome of the above step 1s shown i FIG. 6. An LBP
algorithm (as shown) and/or 1terative 1mage reconstruction
algorithms use the measured multi-view o _(t) as the input
and give the reconstructed 1image of the mixture-conductiv-
ity distribution o, (r;t) as output (here r=(x,y,z)).

Further embodiments of this disclosure use electrodes 12
to provide an electrical impedance tomography (EIT) system
which 1s a somewhat more general approach encompassing
both conductance and capacitance measurements. At an
appropriate operating frequency, an EIT system can measure
the conductances ((G) and capacitances (C) of diflerent
clectrode pairs simultaneously, for example by the use of
phase-sensitive (in-phase and quadrature-phase) detection
methods. The electrical admittances Y (admittance 1s the
reciprocal of impedance) can be represented by Y=G+j0C,
where mwis the angular frequency. The fluid mixture com-
plex-conductivity can be expressed o* =o_+jwe_e, (where
£ _=8.854 pF/m). Alternatively, the flmd mixture complex-
permittivity can be used, and 1s expressed €* =e_+10,/
(we,).

Calibration measurements may again be required. The
measured raw admittances of the unknown fluid (Y, ), of the
low complex-conductivity calibration material (Y;), and of
the high complex-conductivity calibration material (Y, ), are

then as follows (from 1/Y_=1/Y__ __+1/Y ):
1 1 L (202a)
Yo Yeomar | Yoloo)
1 1 1 (202b)
Y.‘,' Ycﬂnm ct Yx (G-? )
R S B (202¢)
Yh - Yﬂonracr Yx (G-};) ’

The fluid only (unknown) admittances Y, can be assumed
to be proportional to the complex-conductivity o*  of the
bulk fluid as follows (where k are proportional/geometrical
constants for the different electrode pairs), viz.

Y (0* 4G (0, )+joe C (g, )=kO, +jwe ke =ko* (204a)
Y (0% )=G (0;)+jne C (€,)=kO+j0E K€ g:kﬁ$f (204b)
Y. (0%,)=G (0;, 4jwe ,C (€;)=KkO,+jwE ke, =kO ™, (204c)

The normalized admittances Y, (from the raw admit-
tances Y, ) are derived similarly to the normalised capaci-
tances (Equation 6) or normalised conductances (Equation

106), as follows:

11 (206)
Y. Y
e
Y, Y

From Equations (202a) to (202¢), and Equations (204a) to
(204c¢), the (measured) normalised admittances Y, can then
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be related to the ultimately desired (fluid-only) mixture
complex conductivity o* . as follows:

( 1 1 ] ( 1 1 ] (207)
+ — +
}, . Yﬂﬂm‘ﬂﬂl“ Yx (D-;‘n) Yﬂonracr Yx (G_:fk)
" _( 1 1 ] ( 1 1 ]
+ — +
Ycﬂﬂl“ﬂcl‘ Yx (G-;;) Yconm ct Yx (GT )
1 1
_ Yiloy)  XYi(og)
B 1 |
Yilog)  Yi(og)
1 |
_ O O
| 1
oy O

In this way, the electrode contact/wall 1mpedances
Z .. =1/Y____ _ (and the sensors’ geometrical factors k)
are substantially removed in the normalised (measured)
admittances Y, , but the resulting normalized admittances Y,
are a nonlinear function of the desired mixture-complex
conductivity o* to be measured and/or to be imaged.

In embodiments of this disclosure, the normalised admit-
tances Y, are converted to a fundamental physics parameter
which 1s the mixture complex-conductivity o* . and this
mixture-conductivity (o* ) 1s the mput to the image recon-
struction step, removing the 1ssues of the nonlinearity in the
imaging domain and of the empirical correlations/calibra-

tions 1n the subsequent step(s) of determining phase frac-
tions based on Y. Phase fractions may be determined from
o* . based on complex conductivity-mixing models—or on
their real and 1maginary parts.

Rearranging Equation (207) gives:

1 (208)

A new, quantitative image reconstruction method based
on the outcome of the above step 1s shown i FIG. 7. An LBP
algorithm (as shown) and/or the corresponding iterative
image reconstruction algorithms, uses the measured o*  as
the input and provides a reconstructed image of the mixture-
conductivity distribution o*_(r) as output.

A possibility, in yet further embodiments, 1s that the
clectrodes 12 are replaced with coils used as sensors to
measure mutual-inductance between pairs of coils. The
measurements ol inductance may then be processed in a
manner analogous to the above described processing of
capacitance, conductance or impedance measurements 1n
order to determine magnetic permeability of the multiphase
flow and/or eddy-current conductivity of the flow 1indepen-
dent of eflects arising externally to the fluid flow itself.
Conductivity may have general applicability; magnetic per-
meability may be unable to differentiate between water, o1l
and gas phases but may be used to observe some metallic
solid particles entrained in the multiphase fluid tlow.

The mixture permittivity € or mixture conductivity o,
calculated, for example, from Equation (8) or (108) respec-
tively, or obtained from mixture complex-conductivity o*
from Equation (208), from one or more pair of sensors
(electrodes and/or coils), can be used with dielectric mixing
models to derive the phase fractions of the constituents of a
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mixture. For instance, the WLR of a well-mixed liquid-
liguid mixture can be calculated by using a known mixing
model relating the liquid (mixture) permittivity to the o1l or
water permittivity and the WLR. For water-continuous 11g-
uids, a mixing model relating the liquid (mixture) conduc-
tivity (from electrical resistance tomography ERT sensor or
from the conductance component of an electrical impedance
tomography EIT sensor) to the water conductivity and the
WLR can be used. For example, for water-continuous homo-
geneous liquids, the Ramu-Rao mixing models can be used,
VIZ:

2wlr (Ga)
Eliquid = Ewater 3 _ iy
2wir (9b)

Tfigquid = D-WHI‘EI"B wir

For oil-continuous homogeneous liquids, the correspond-
ing Ramu-Rao relations are:

1 + 2wlir (10a)

Eliquid = Coil 1 — wir

1 +2wlr (10b)

Tliguid = Uoil 1 — wir

However, Equation 10(b) may not be useful because the
conductivity of an o1l phase 1s much lower than that of
formation water and 1s substantially close to zero. Equation
(10a) also indicates that the mixture permittivity of an
oil-continuous liquid is largely independent of the water
permittivity and/or water conductivity.

The mverses of the Equations (9a), (9b) and (10a) are
respectively as follows:

3liguid . (11a)
wlr = , water-continuous (ERT, EIT)
QSWHI‘EI‘ + Eliguid
3T tiquid , (11b)
wlr = , water- continuous (ERT, EIT)
QG-WGI‘EF + T fiquid
Eligquid — €oi .
wlr = Hguid '{ , oil-continuous (ECT, EIT) (12a)
Eliguid + 2E5i

A complex-permittivity mixing model can be generally
expressed as below (for a well-mixed, or a layered or other
oil/water liquid mixture),

(13a)

_ S H b
wzr—fwarer—canﬁnuous(e fiquiid? & yvaters © oz'f)

(13b)

_ 3k k k
wzr_gaif—canﬁnuaus(ﬁ liguid?» £ aters © c}ff)

From the measured gas-liquid flow-mixture (normalized)
clectrical admittances Y measured at frequency o(Y=G+
10C) by electrical impedance tomography (EIT), or the
clectrical conductances Y=G {from electrical resistance
tomography (ERT), or the electrical capacitances Y=1wC
from electrical capacitance tomography (ECT), the gas-
liquid mixture complex-permittivity ¢* . = =¢_+0,/(Jwe_)
can be generally expressed as (the dependences on the
temperature and/or pressure and on the salt species are
implicit):

3 .
£ s

=Func(e*;, . (wir, €*

WX ILive Werier? E-:Jz'f)? Egasﬂ

flow regime) (14)
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The “tlow regime” may include gas or liquid (water- or
o1l-) continuous state as well as the conventional flow
regimes such as plug, slug, stratified and annular flows.

For instance, for an annular gas-liquid tlow, the gas
tfraction a,,, (over the measurement cross section ot elec-
trical tomography sensors) can be estimated from the data-
processing ol the measured multi-view electrical admit-
tances Y=G+1wC and/or from the processing of the resulting,
reconstructed 1image(s) of the gas-liquid mixture complex-
permittivity €*__  _ (for example, there could be two sepa-
rate 1mages consisting ol a mixture permittivity €, 1mage
and a mixture conductivity o, 1mage).

More specifically, for a vertical gas-liquid flow distribu-
tion (including the special case of oil-water flows with
GVF=0% by volume), instantaneously, the tlow tends to
have a gas-rich core within a liquid-rich annulus over the
measurement section. Time-average wise, the gas-liquid
distribution also tends to be axi-symmetric. From a measure
of the liquid fraction ., ., (potentially from multi-view ¢,
and/or o, measurements and/or from their reconstructed €
and/or o, distributions), the cross-pipe electrode-pair mea-
surement(s) of the mixture permittivity (¢, . . ...) or conduc-
tivity (o, ... ) can, for example, be expressed as a function
of the liquid-mixture permittivity (g, ,.,) or conductivity
(Oiguaa) @s follows:

€ )+€ (15a)

mlxrureahqmd (thmd Egas gas

(15b)

— Y
Onixtuire ﬂh’gufa" (gh'gufd')

where X and y are empirical exponents.
The 1nverse forms of the above relations are simply:

Emixture — Egas 16a
Eliquid = 1 + Egas ( )
(Cliquid )*
T mixture (l6b)
Uliquid = 1
(ﬂfﬁquid) Y

Equations (11a), (11b) or (12a) can then be used to derive
the desired WLR, as 1llustrated as an example in FIG. 4 for
ECT, 1n FIG. 6 for ERT, and i FIG. 7 for EIT ({from the
measured conductivity-component of the measured com-
plex-conductivity).

Since electrical tomography sensors provide measure-
ments covering different parts of the pipe cross-section, and
at a high temporal resolution (typically>100 Hz), near-wall
regional measurements may be used to provide an estimate
of the pipe-averaged WLR by measuring the mixture per-
mittivity and/or mixture conductivity of the liquid-rich flow
near the pipe wall, and/or of the liquid-rich slug 1n the case
of gas-liquid slug flows (with proper processing and short-
time averaging ol the slug-flow time-series data using
tomography 1mages as needed). (The WLR of a multiphase-
flow typically changes slowly with time, and for a vertical
pipe, are substantially the same over the pipe cross section).
For an electrical tomography system (calibrated from a
suitable normalization process such as Equation (8) for ECT
and Equation (108) for ERT, this results 1in direct estimate(s)
of the liqud-mixture permittivity €, =€, . .(near-wall,
liquid-slug) and/or the conductivity Oy ,,/=0 ;0. (1€AL-
wall, liquid-slug), see FIG. 4 and FIG. 6, respectively. The
WLR can then be estimated from Equation (11a), (11b), or
(12a), given the single-phase o1l or water permittivity and/or
conductivity at the prevailing line temperature and pres-
sure).
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Then, by wusing cross-pipe mixture permittivity
(Emixrare(‘cross—pzpe)) Ellld/OI' mix‘[‘ure COHd-U.CtiVity (O:mz'xrure
(cross-pipe)) measurements (with long-time averaging to
capture suflicient number of gas/liquid slugs if present),
which are more sensitive to the presence of gas phase in the
pipe centre, and using the liquid-mixture properties esti-
mated from the near-wall measurements as described above
[BfiquidEBmierre (near-wallﬂliqUid-Slug) aﬂd/or Ofiqaidgomixrure

(near-wall,liquid-slug)], the liquid fraction of the multi-

phase-flow can then be estimated from, for example, Equa-
tions (15a) and (13b), viz.

(17a)

Emixture — Egas x
&
quid Eliguid —
1
Emixture(cross—pipe) — Coas A
{ pive) & ECT, EIT
mzxmrf(nfar wall liquid-slag) Egﬂﬂ
(17b)
o T nixture }’
{i
i T fiquid
1
[ O mixture(cross— pipe) Y ERT. EIT
3
G-FHIIIHFE(HEGF wallliguid-slug)

These exemplary liquid-holdup equations are illustrated
in FIG. 4 to FIG. 7.

Examples

FIGS. 8, 9 and 10 show data for electrical capacitance
measurements on well-mixed vertical oil-water flows. The
measurements were obtained using an arrangement as in
FIG. 1 with eight electrodes arranged around a section of
pipe made of the engineering plastic polyether ether ketone
(PEEK). The eight electrodes were used to measure all 28
capacitances between electrode pairs. The measurements
between immediately adjacent electrodes were not used
because of the amount of pipe wall in the path between such
clectrodes. The other 20 measurements belonged to three
groups, which were:

8 data points for measurements between electrodes one
apart (1.e., 1-3, 2-4, etc. with one 1n between, as for example
measurement path 21 shown chain dashed 1n FIG. 1),

8 data points for measurements between electrodes two
apart (1.e., 1-4, 2-5, etc. with two 1in between, as for example
measurement path 22 shown chain dashed in FIGS. 1) and

4 data points for diametrically opposite electrodes (1-3,
2-6 etc. as for example measurement path 23 shown chain
dashed 1n FIG. 1).

The data measured by ECT sensors may be saved in the
form of normalised capacitances C, (rather than the raw
capacitances C_) based on using empty-pipe data as the
C/e;) (its rescaling 1s described more fully 1n Explanatory
Comment 1, below), and the full-pipe o1l-water mixture data
as the C,(g;), with WLR=-35% (its rescaling 1s described
more fully in Explanatory Comment 2, below).

FIG. 8 shows measured (series-model) normalized
capacitances C from Equation (6) above rescaled based on
the equation as indicated. The data points shown are spatial-
averaged for the 8 or 4 measurements 1n each group and
time-averaged over 60 s. From this data 1t can be seen that
the measured normalized capacitances C  for full-pipe o1l
(WLR=~0, GVF=0) are approx. 0.65 (C, =0 for empty-pipe),
and 1ncrease almost linearly with increasing WLR up to
WLR approx. 0.35. The jump 1n the value of C, from O to
~0.65 for a small change in the permittivity (e=1 to 2.2) 1s
very large. The apparent nonlinearity in C, against WLR for
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WLR over 0.35 was attributed to limitation in the ECT
sensors or the electronics linear dynamic range; the nonlin-
carity eflect of the pipe-wall capacitance 1s substantially
removed 1n the measured normalized capacitances C,
(Equation (7) above).

FIG. 9 shows the corresponding values of oil-water mix-
ture permittivity € derived using Equation (8) above with
e~1.0, €,=5.62 (using flow data with reference
WLR=0.3415). There was excellent agreement with the
Ramu-Rao mixing-model predictions (for homogeneous lig-
uid-liquid mixture, Equation (10a) above. The expected €_,;
of approx. 2.2 (at WLR~0) was obtained from FIG. 7 by the
use of Equation (8) above with the ECT sensors calibrated
at the gas-point and the oil-water mixture point (at WLR
approx. 35%).

FIG. 10 shows the WLR derived using the Ramu-Rao
liquid-liquid mixing-model (Equation (12a) above).

Explanatory Comment 1. The normalized capacitances
can be rescaled from those (C,, ;_ ;) using empty-pipe air as
the low-calibration to those (C, ;_, ,using full-pipe oil.
Starting from Equation (6) above, 1t 1s possible to derive

(;H 1= U+CC,, ;_,.,—C_ trom the following manipula-
tions:
C _1/Cm_1/cair
P T 1] Gy =1/ Cap

_ (I/Cm _I/Cﬂrief)'l'(l/coii_l/cair)
(L Cr=1]Coip) + (1] Coyy = 1/ Cgip)

(1/Cm_1/CDH)+(1/CDEJ_1/CGEF]

A1/ Cr=1/Cou 1/Ch—1/Csi
B I/Cr::i!_ l/Cair
1+( ]
1/Cp—=17C
CH,L:GEE'I'C::
1+ C

where

1 Cm' -1 Cair C?r?:iiir
C. :( [ Coit — 1/ ] L

1/Ch=1/Co )1 — o,
oot _ 11 Coit =1/ Cair
nl=air 1/Ch _ 1/0{11.}_ ’

Explanatory Comment 2. It may be necessary in the
post-processing to rescale the (saved) normalized capaci-
tances with a different high-calibration, from those (C,, 1,
using full-pipe oi1l-water with e.g. WLR=30% (where there
1s a marked nonlinear response) to those (C, ;. using
tull-pipe oil-water with a lower WLR, e.g. WLR=-33%.
Starting from Equation (6) above, 1t 1s possible to derive that

_ =k
Cn,H=k2 o Cn J1=h l/Cn J1="h lm

from the following algebraic mampulations:

- 1/C,, —-1/C
P T O = 17 G

1/C,, —1/C;
(1/ G = 1/C)+(1/Cpy = 1/Cpo)
1/Cp—1/C
(1/@:2—1/01]
. 1/Cp =1/ Cho
1/Cpp=1/G

Ch H=h2
(1/(7;11 —1/05]
1/Cpp—1/C

=2
— CH,HZM Cn,thz
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Because of the axial-symmetry and homogeneity of the
well-mixed oi1l-water flow, FIG. 9 shows little difference 1n
the ECT dertved mixture permittivity (g ) with WLR up to
approx. 35%, among the °l-electrode-apart’ (near-wall)
measurements, near cross-pipe (‘2-electrode-apart’) and
cross-pipe (‘opposite-electrode’) measurements. The ECT
derived WLR from the ¢ data (FIG. 10) 1s within approx.
+2% absolute, for WLR <approx. 35% by using the inverse
Ramu-Rao mixing-model at Equation (12a) above.

FIGS. 11 and 12 show data measured 1n the same way as
for FIGS. 8 and 9 for tlows of gas and liquid with various
WLR’s. The gas-liquid tlows were conditioned by swirling
so that the gas formed a core at the centre of the flow and
was surrounded by the liquid annulus flow. FIG. 11 contains
three separate plots showing the normalised capacitances C,
measured by different electrode-pair groups at diflerent
water-liquid ratios. From these measurements the corre-
sponding gas-liquid mixture permittivity €, was derived by
the use of Equation (8) above and 1s shown 1n the corre-
sponding graphs in FIG. 12.

As a check on accuracy, the near-wall and liquid-slug
permittivities obtained from electrodes one apart were used
to calculate WLR’s. Up to a gas volume fraction of 90%,
these calculated values were accurate to +5% absolute.

Quantitative images of mixture-permittivity spatial distri-
butions for the gas-liquid swirl flows were reconstructed
using multi-view permittivity values € as input as in FIG.
4. Images averaged over 60 seconds are shown in FIG. 13,
with WLR=~20% 1n the leit column and WLR=~30% 1n the

right column. There are images for each WLR with
GVF=25%, ~40% and ~63%. These 1mages were com-

posed of pixels, with a computed permittivity value associ-
ated with each pixel. The images could be displayed on
screen or printed and 1f desired these permittivity values
could be represented by colouring.

All the images 1n FIG. 13 show permittivity increasing
from the centre of the pipe (where there 1s the gas-rich core)
towards the periphery where there 1s liquid-rich annulus. In
FIG. 13 curved lines (analogous to contour lines on a map)
connect points with equal permittivity values. Taking the top

left image 1 FIG. 13 as an example, 1t can be seen that a
central region with permittivity below 2.0 was surrounded
by a region with permittivity between 2.0 and 2.5 and this
was partially surrounded by a region of permittivity above
2.5. At the bottom leit, the image for a GVF of 63% and the
same WLR of 20% had region with permittivity below 1.5
at the centre. With the higher WLR of approx. 30%, at the
right of FIG. 13, 1t can be seen that permittivities were
generally higher.

Quantitative images of mixture-permittivity temporal dis-
tributions were also reconstructed and are shown in FI1G. 14
for two combinations of WLR and GVF. The reconstruction
used gas-liqmd mixture-permittivity data (output of the
Equation (8)) as mput to the linear back-projection (LBP)
algorithm shown 1n FIG. 4. In each diagram, the horizontal
axi1s 1s representative of time. Images with an 1imaging frame
rate of approx. 100 frames per second were reconstructed
and displayed (corresponding to a time interval of 8 sec-
onds), representing permittivities across a diameter as a grey
scale, and then these images are displayed as a sequence
extending along the time axis. The increase in the actual
permittivity (with a brighter grey-scale level) for the outer
liquid layer, due to the increase 1n the multiphase-tlow liquid
WLR (20% to 30%), 1s clearly captured by the use of the

new quantitative image reconstruction algorithm.
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It 1s further possible to convert mixture complex-permit-
tivity/-conductivity spatial and temporal images to 1images of
gas, o1l and water holdups, and/or of WLR, by the use of
permittivity and/or conductivity mixing models.

It will be appreciated that the example embodiments
described 1n detail above can be modified and varied within
the scope of the concepts which they exemplily. Features
referred to above or shown in individual embodiments above
may be used together in any combination as well as those
which have been shown and described specifically. Accord-
ingly, all such modifications are intended to be included
within the scope of this disclosure as defined in the follow-
ing claims.

The 1nvention claimed 1s:

1. A tomography system for determining properties of
flowing multiphase fluid, comprising:

a duct having a duct wall and interior space within the

duct wall for carrying a tlow of a multiphase fluid;

a plurality of sensors at positions distributed substantially
evenly around the duct wall on a planar cross section
through the duct transverse to the duct axis, for making
a plurality of measurements of electrical or magnetic
properties through the multiphase fluid, wherein the
sensors are electrodes that measure data values repre-
sentative of capacitance, resistance, conductance or
admittance between a plurality of pairs of electrodes 1n
the plane of the cross section or the sensors are coils
that measure data values representative of inductance
between a plurality of pairs of coils in the plane of the
cross section; and

a processor receiving the measured data values from the
sensors and configured to compute from the measured
data values to dertve computed quantitative values of at
least one property selected from permittivity, conduc-
tivity, magnetic permeability and complex-conductiv-
ity of the multiphase fluid within the duct, which are
independent of eflects external to the fluid flow.

2. The system of claim 1, wherein deriving the computed
quantitative values selected from permittivity, conductivity,
permeability and complex-conductivity of the multiphase
fluid from the measured data values comprises determining
normalized values representative of at least one of capaci-
tance, resistance, conductance, inductance and admittance
exclusively of the multiphase fluid within the duct, and
converting the normalized capacitance, resistance, conduc-
tance, or admittance to the quantitative values of permittiv-
ity, conductivity, permeability or complex-conductivity of
the multiphase fluid within the duct.

3. The system of claim 1, which 1s an electrical tomo-
graphic system wherein the sensors are electrodes that
measure values representative of capacitance, resistance,
conductance or admittance between the plurality of pairs of
clectrodes at positions distributed around the exterior of the
duct wall and the processor receiving measurement data
from the electrodes 1s configured to determine a plurality of
quantitative values of permittivity, conductivity or complex-
conductivity of the multiphase fluid within the duct.

4. The system of claim 1, wherein the sensors are coils
that measure values representative ol inductance between
the plurality of pairs of coils at positions distributed around
the exterior ol the duct wall and the processor receiving
measurement data from the coils 1s configured to determine
a plurality of quantitative values of conductivity or magnetic
permeability of the multiphase fluid within the duct.

5. The system of claam 1, wherein the processor 1s
configured to compute at least one of a water-in-liquid-ratio
and a liquid fraction of the multiphase fluid from one or
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more of the plurality of quantitative values of permittivity,
conductivity or complex-conductivity.

6. The system of claim 1, wherein the processor 1s
configured to compute at least one 1image showing spatial
distribution of permittivity, conductivity, magnetic perme-
ability or complex-conductivity of the multiphase fluid
within the planar cross-section of the duct.

7. The system of claam 1, wherein the processor i1s
configured to compute at least one 1mage showing temporal
distribution of permittivity, conductivity, magnetic perme-
ability or complex-conductivity of the multiphase fluid
within the planar cross-section of the duct.

8. A computer implemented method of measuring prop-
erties of a multiphase fluid flowing within a duct, compris-
ng:

making a plurality of measurements representative of

capacitance, resistance, conductance, inductance or
admittance between a plurality of pairs of sensors
distributed substantially evenly around a planar cross
section through the fluid transverse to the direction of
flow within the duct; and

computing permittivity, conductivity, magnetic perme-

ability or complex-conductivity of the multiphase fluid
from the measurements made:;

wherein the computed permittivity, conductivity, mag-

netic permeability or complex-conductivity 1s exclu-
sively that of the multiphase tluid independent of
cllects external to the flow of the multiphase fluid.

9. The method of claam 8, wherein measurements are
between sensors that are electrodes or coils mounted around
the duct carrying the flowing multiphase fluid and the
method further comprises:

determining normalized values representative of capaci-

tance, resistance, conductance, inductance or admit-
tance at the planar cross section through the fluid,
wherein the normalized values relate exclusively to the
multiphase fluid and are independent of effects external
to the flow of the multiphase flmid; and

computing permittivity, conductivity, magnetic perme-

ability or complex-conductivity of the multiphase tluid
from one of the normalized values.

10. The method of claim 8, wherein measurements are
between electrodes mounted outside the duct carrying the
flowing multiphase fluid, and the method further comprises:

determining normalized values representative of capaci-

tance, resistance, conductance, inductance or admit-
tance at the planar cross section through the fluid,
wherein the normalized values relate exclusively to the
multiphase fluid and are independent of effects external
to the flow of the multiphase fluid, and computing
permittivity, conductivity, magnetic permeability or
complex-conductivity of the multiphase flud within
the duct from one of the normalized values.

11. The method of claim 8, further comprising:

computing at least one of a water-in-liquid-ratio and a

liquid fraction of the multiphase fluid from the com-
puted permittivity, conductivity, magnetic permeability
or complex-conductivity of the multiphase fluid.

12. The method of claim 8, further comprising:

computing one or more 1images showing spatial distribu-

tion of permittivity, conductivity, magnetic permeabil-
ity or complex-conductivity within the cross-section
through the multiphase tlow.

13. The method of claim 8, further comprising:

computing one or more 1mages showing temporal distri-

bution of permittivity, conductivity, magnetic perme-
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ability or complex-conductivity within the cross-sec-
tion through the multiphase flow.

14. The method of claim 8, further comprising:

making a plurality of measurements representative of

capacitance, resistance, conductance, inductance or
admittance at one or more further cross sections
through the flmd transverse to the direction of flow
within the duct.

15. The method of claim 8, wherein the plurality of
sensors comprises eight sensors distributed substantially
evenly around the duct wall and the system 1s configured for
making measurements representative ol capacitance, resis-
tance, conductance, inductance or admittance between all
pairs of the eight sensors other than those which are adjacent

to each other.

16. The method of claim 9, further comprising;:

making calibration measurements representative of
capacitance, resistance, inductance or admittance
between pairs of sensors at the planar cross section
when the duct contains single phase fluids.

17. The system of claim 1, wherein the plurality of sensors
comprises eight sensors distributed substantially evenly
around the duct wall and the system 1s configured for making
measurements representative of capacitance, resistance,
conductance, inductance or admittance between all pairs of
the eight sensors other than those which are adjacent to each
other.

18. A tomography system for determining properties of
flowing multiphase fluid, comprising:

a duct having a duct wall and interior space within the

duct wall for carrying a tlow of a multiphase fluid;

a plurality of sensors at positions distributed substantially
evenly around the duct wall on a planar cross section
through the duct transverse to the duct axis, for making
a plurality of measurements of electrical or magnetic
properties through the multiphase fluid, wherein the
sensors are electrodes that measure data values repre-
sentative of capacitance, resistance, conductance or
admittance between a plurality of pairs of electrodes 1n
the plane of the cross section or the sensors are coils
that measure data values representative of inductance
between a plurality of pairs of coils in the plane of the
cross section; and
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a processor receiving the measured data values from the
sensors and configured to compute from the measured
data values to derive normalized values representative
of the capacitance, resistance, conductance, inductance
or admittance exclusively of the multiphase fluid within
the duct, and to convert the normalized values of
capacitance, conductance, or admittance to computed
quantitative values of at least one property selected
from permittivity, conductivity, magnetic permeability
and complex-conductivity of the multiphase fluid
within the duct, which are independent of effects exter-
nal to the fluid tlow.

19. A computer implemented method of measuring prop-
erties of a multiphase fluid flowing within a duct, compris-
ng:

making a plurality of measurements representative of

capacitance, resistance, inductance or admittance
between a plurality of pairs of sensors at positions
distributed substantially evenly around a wall of the
duct and at a planar cross section through the fluid
transverse to the direction of flow within the duct;

determinming normalized values representative of capaci-
tance, resistance, inductance or admaittance at the one or
more cross sections through the fluid, where the nor-
malized values relate exclusively to the multiphase
fluid and are independent of effects external to the tlow
of the multiphase fluid; and

computing permittivity, conductivity, magnetic perme-
ability or complex-conductivity of the multiphase fluid
from the normalized values representative of capaci-
tance, resistance, inductance or admittance, wherein the
computed permittivity, conductivity, magnetic perme-
ability or complex-conductivity 1s exclusively that of
the multiphase fluid independent of elfects external to
the flow of the multiphase fluid.

20. The method of claim 19, further comprising:

making calibration measurements representative of
capacitance, resistance, conductance, inductance or
admittance between pairs of sensors at the planar cross
section when the duct contains single phase fluids.
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